In order to prevent salt damage because seaweed enzymes can only operate under hypohaline conditions (salinity ≈ 6‰ -12‰) but also obtain for photosynthesis an in the aquatic environment-due to a 10,000 fold strongly limited carbon source-seaweeds developed several mechanisms to meet these vital demands for survival in the harsh euhaline oceanic environment (salinity range: 32‰ -35‰), we tested this range of adaptation mechanisms in the euhaline oceanic collected water in combination with the seaweed moisture. We obtained under laboratory conditions at 10 bar mechanical pressure for four seaweed species: Ulva lactuca, Caulerpa sertularioides, Caulerpa cf. brachypus (all three green) and Undaria pinnatifidia (brown). Oceanic water and seaweed moisture were measured for salinity, pH and by Inductively Coupled Plasma Spectroscopy (ICP)-techniques concentrations for macro-elements: (Ca, Fe, K, Mg, Mn, Na, P, & S), micro-elements ≈ [HM]: (Al, As, Cd, Co, Cr, Cu, Mo, Ni, Pb & Zn) and nutrients (N-total & P-total). The [seawater compound X]/[oceanic compound X] ration is a reflection of an inward (uptake) or excretion mechanism over the seaweed cellular membrane which is operative. Our observations gave a clear dispersion to salinity stress with on one hand the green seaweed U. lactuca and on the other the brown seaweed U. pinnatifidia. Both Caulerpa spp. took in an intermediate position. Observed in compensatory responses to salinity stress was ranging Ulva sp. both Caulerpa spp.-Undaria sp.: 1) amount pressed seaweed moisture: [ml/g Fresh Weight]; 2) salinity: (in ‰); 3) Na + storage vacuole volume; 4) Na + :K + ratio (reflection of K + as osmolyticum); 5) ∑[HM] (as osmolyticum); 6) pH (seaweed moisture); 7) Nutrients (N & P); 8) availability of essential metal elements for plants (Cu, Fe, Zn, Mn, Mo, Ni); 9) transport direction of microand macro-elements. Finally, the role of brown vs. green seaweeds in the evolutionary eukaryotic tree of life in relation to the ability of the brown seaweeds to produce their own osmolyticum will be discussed.
Introduction
At present, terrestrial agriculture is at its limits mainly for available land area and fertilizers (reviewed: [1] [2] ). Due to an unfettered population growth estimated at around 9.5 billion people at the midst of the 21 st century [3] , a looming fertilizer (phosphorus) crisis [4] , and lack of available land area to expand terrestrial agriculture [5] , we have to go sea-farming [6] .
This shift "towards a seaweed-based economy" [2] has tremendous opportunities and challenges because the Earth's surface is for ≈70.8% covered with water [7] while of the remaining terrestrial only 13.31% is arable [8] . In these oceans seaweeds and other marine plants are the primary producers in the marine environment. They form the standing crop and determine the productivity of all communities. Seaweed-based ecosystems are amongst the most productive on Earth [9] . In addition, global seaweed production by aquaculture is boosting as depicted in Figure 1 based on FAO 2014 data. Recently, we explained in great extent the "seaweed-paradox": which implies that biomass production is severely hampered by a 10,000 fold slower diffusion rate of a Carbon source or Dissolved
Inorganic Carbon (DIC) in the biophysical medium water in comparison to terrestrial C3 crops [10] . Despite this negative property, pelagic seaweeds outcompete C3 crops for annual green biomass. However, for global biomass production, seaweeds produce only a small fraction of the global supply of biomass with below 30 × 10 6 fresh weight (FW) ton of seaweed, in comparison to 16 × 10 11 ton of terrestrial crops, grasses and forests [11] .
In this research we will focus on the salt extrusion mechanism of the seaweeds, without an efficient aquatic photosynthesis which would be impossible [10] . Salt-damage is very harmful and even life threatening for terrestrial plants as outlined by [12] [13] . However, it might be possibly surprising that our marine seaweeds, inhabiting our oceans, also have a limited salt tolerance [14] and also have to cope with salt stress. Major reason is that the enzymes of seaweeds only can operate under hypohaline conditions [salinity ≈ 6‰ -12‰], see [15] Material & Methods]. Via several desalination mechanisms they succeed to survive in the harsh euhaline oceanic environment. Consequently, seaweeds in the harsh euhaline oceans must undergo osmotic adjustment involving, in part, the localization of toxic ions (typically Na + and Cl − ) into vacuoles away from important metabolic processes located within the cytoplasm, as described for terrestrial plants exposed to salinity stress [12] . Unlike Na + which can adversely affect both catabolism and metabolism, K + is essential for maintaining osmotic balance, and V. van Ginneken Figure 1 . This graph shows the cumulative annual world aquatic plant production (≈mainly seaweeds) (in tonnes) from FAO data (2014) over the past decade. Almost 95% of the global production is currently from Asia (Courtesy: Elisa Capuzzo, gov.uk, Marine Science).
supporting biological reactions as co-factors for numerous vital enzymes.
Therefore, the uptake and assimilation of K + are imperative for overall plant health and growth. However, Na + competes with K + for intracellular influx, such that many K + transport systems tend to also have high affinities for Na + and thus function as Na + /K + symporters [16] . Therefore, relatively high environmental Na + levels can influence K + influx efficiencies in marine plants. A second adaptation mechanism in order to avoid salinity stress is via an ATP-driven Na + /K + pump. This actively Na + /K + pump has two functions: 1) Na + sequestering in vacuoles in the seaweed itself in cell-to-cell interaction. 2) In support of Na + accumulation in intracellular vacuoles the pump also actively serves to excrete sodium to the oceanic environment in exchange for an osmolyticum acting compound in order to maintain cellular homeostasis. For both mechanisms in seaweeds, H + ATPase driven pumps mediate the translocation of H + and K + /Na + .
It is assumed the milieu interior of a seaweed with contains clearly visible the vacuole for sequestering abundant sodium ions and/or abundant metallic cations (Heavy Metals) which in some seaweed species can be taken up from the oceanic environment in order to act as "substitute-osmolyticum" to compensate Na + -extrusion. Based on this model the vacuole is distinctly separated from chloroplast and mitochondrion essential biochemical pathways and vital enzyme systems and also the nucleus with its vulnerable DNA related processes. Third, as compensation mechanism to sodium extrusion seaweeds also can take up remarkably high K + levels from the oceanic environment acting in some seaweeds as the major of osmolyticum. Supportive evidence for this statement is given in [17] .
In the review article of [20] for terrestrial plants the four ions involved in active ATP-ase dependent plasma membrane transport mechanism are given. [22] . The major transport proteins/channels are: 1) Sodium-Potassium pump, 2) antiporters, 3) channels, and 4) symporters who described these mechanisms for terrestrial plant [20] . If an organism uses a chemical faster than it can be delivered through this layer, it will become physically limited. Similarly, if an organism excretes a metabolic by-product into this Diffusion Boundary Layer (DBL) faster than it can diffuse out, then an elevated concentration of that bi-product will occur in the water next to the tissue surface. In this research manuscript we described the mechanism(s) of salt extrusion and coping with salt stress of seaweeds and some of the plant physiological mechanisms to remain in ionic homeostasis. Basic principle of this whole Na + extrusion mechanism of seaweeds is that in order to prevent salt damage at seaweeds -considering the fact that their enzymes can only operate under hypohaline conditions (salinity ≈ 6‰ -12‰; Table 3 [15] ). We hypothesize all kinds of compensation mechanisms needs to be (partly) operative to remain osmotic homeostasis in the seaweed cell. Various intracellular and extracellular compounds might play a role in the Na + extrusion mechanisms which are of essence so that the seaweed enzymes can operate under brackish intracellular seaweed cell conditions. Theoretically, kinds of mechanisms can serve as counteracting mechanism so that the seaweed cell after sodium extrusion remains osmotically in equilibrium [23] . However, it is not an overall compensation mechanism. Because around 10,000 seaweed species inhabit our oceans we hypothesize differ- While seaweeds were collected, a water sample of the surrounding oceanic water was sampled at the same time stored at −80˚C pending analysis.
Sampling of four seaweeds including surrounding oceanic water was performed during the months June-September in the year 2016.
Dry weight seaweeds:
After collection, the seaweeds were brought as soon as possible to the laboratory. Most epiphytic material was removed; the seaweeds were rinsed quickly with freshwater, air-dried, oven-dried (one night at 60˚C and one night at 105˚C), weighed and the dry matter content calculated.
Experimental set up:
In this experiment we determined for four seaweed species under mechanical . From these laboratory measurements we calculated parameters which V. van Ginneken might be important in elucidating the complex sodium extrusion mechanism of the four investigated seaweeds. Mechanical pressure procedure: To be able to produce press moisture from the seaweeds, the plant material (300 -1000 g) was first pulped using a laboratory homogenizer (manufacturer: Foss Tecator, type: Tecator 1094 Homogenizer,), with either a smooth or a serrated knife, at s speed of 1500 rpm or 3000 rpm. Moisture was pressed out of the pulp, approximately 100 g of pulp was used, using a LLOYD INSTRUMENTS (type: LR30K) testing machine that was fitted with a specially constructed unit for pressing pulps at a maximum pressure of 60 bar. Final weight of press cake and press moisture was determined. Afterwards press cake and samples of the obtained seaweed moisture of the four different seaweed species (n = 4 per seaweed species) were immediately stored at −80˚C pending analyses.
Determination of micro-and macro-elements by Inductively Coupled Plasma spectroscopy (ICP-techniques):
1) Al, As, Ca, Cd, Cr, Cu, Fe, K, Mg, Mn, Na, Ni, P, Pb, S and Zn in seaweed moisture and in the sample of the surrounding waters were measured on an ICP-AES (Thermo Iris) according pretreatment SWV E-3404, measurement SWV E-1304 and conservation SWV E-3404 guide lines at the Chemical Biological Laboratory for Soil & Water Research, Wageningen University, Wageningen (The Netherlands).
2) As, B, Ba, Cd, Co, Cr, Cu, La, Li, Mn, Mo, Ni, Pb, Sb, Se, Sn, and V in seaweed moisture and in the sample of the surrounding waters were measured on an HR-ICP-MS (Thermo Element 2) according pretreatment SWV E-3404, measurement SWV E-1325 and conservation SWV E-3404 guidelines at the same laboratory.
Salinity & pH measurements: Salinity of the seaweed moisture and oceanic water were determined using an EC meter (manufacturer: WTW; type Cond 315i/SET) fitted with a conductivity cell (manufacturer: WTW; type: TetraCon 325, cell constant 0.475 cm −1 ). The pH of seaweed moisture and oceanic water were determined with a PHH-7011 pH meter with automatic temperature compensation (Omega, the Netherlands). Classification salinity: Classification in a certain salt range and terminology will be based on the ( [15] , Table 2 ) while classification of water sources to define the term "salinity" and elucidate words like Fresh, Brackish and Sea water salinity with TDS ≈ "total dissolved solids" expressed in milligrams per liter (mg/l) ( [24] , Table 3 ).
N-total and P-total measurements: N-total and N-NH 4 measurement were performed on a Segmented Flow Analyzer (SFA) apparatus according to SWV E1417 guide lines at the Chemical Biological Laboratory for Soil Research, Wageningen University, Wageningen (The Netherlands) Determination of P3 was performed on an HR-ICP-MS (Thermo Element-2) according pretreatment SWV E-3404, measurement SWV E-1325 and conservation SWV E-3404 guide lines at the same laboratory. Table 2 . The Venice system gives specific words for salt concentration in linked to the corresponding salinity range (in ‰) [15] . Table 3 . Classification of water sources to define the term "salinity" and elucidate words like Fresh, Brackish and Sea water salinity with TDS ≈ "total dissolved solids" expressed in milligrams per liter (mg/l) ( [24] ). 
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pH-value and from this value calculated according to 10 pH the amount of H + -ions in (mol/l) was calculated [25] .
2)
( ) ( )
Heavy-metal HM in the seaweed moisture Accumulation factor Heavy-metal HM in the oceanic water = The following weights and volumes were obtained from the overnight oven-dried seaweed material and the 10 bar mechanical pressed fresh seaweed biomass:
*Oven-dried: Based on the following three assumptions that:
1) The whole seaweed cell vacuole is 100 % filled with seaweed moisture (see Figure 2 left image);
2) At the applied 10 bar mechanical pressure procedure the whole volume of the seaweed cell vacuole will be squeezed empty;
3) 1 ml seaweed moisture will weight 1 gram and has with a corresponding specific gravity of water a volume of one cubic cm.
We will conclude that the calculated "Total Moisture Weight" in (g) will correspond to the volume of the seaweed cell vacuole.
Results
In Figure WW/DW ratio of the four seaweed-species used in this study is given in Table 4 .
The lowest WW/DW ratios were found for Ulva lactuca and Undaria pinnatifidia of respectively 4.95 ± 0.11 and 2.36 ± 0.74. The low WW/DW rations for both species are a reflection of a large vacuole capacity and thus of a high seaweed moisture storage capacity. For the two Caulerpa spp. the WW/DW ratios were 10 -20 fold higher in the range 50 -60. In Table 5 is the ability given to excrete sodium to the oceanic environment via active ATP-driven pumps like the Na + /K + -pump or solely an active Na + extrusion pump. dence that this brown seaweed is able to produce biochemically its own osmolyticum. In general, brown seaweeds are able to produce a large variation of economically important osmolyticuma. In general, these by brown seaweeds produced osmolyticuma are or from the carbohydrate fraction or phycocolloid fraction. Although we didn't measure any osmolyticum of one of these fractions in Undaria pinnatifidia this extremely high [Na + :K + ] molar ratio of ≈26 gives strongly evidence that this species is able to produce its own osmolyticum. The moisture of seaweeds has a rather low salinity (brackish) in order of descending salinity (mean ± std (n = 4) in ‰): Caulerpa cf. brachypus ≈ 20.58 ± 0.096 (Polymixohaline); Caulerpa sertularioides ≈ 19.30 ± 0.163 (Polymixohaline); Ulva lactuca ≈ 9.501 ± 0.115 (β-Mesohaline) and Undaria pinnatifidia ≈ 9.500 ± 0.115 (β-Mesohaline) [15] .
Ulva lactuca had the highest P-content (69.7 mg/l), Undaria pinnatifidia the lowest (13.2 mg/l) while both Caulerpa spp. had an intermediate position. N-NH 4 had the highest value in Ulva lactuca (34.5 mg/l) and the lowest in Caulerpa sertlatioides (4.7 mg/l) Interestingly Nts was the highest in Caulerpa cf. brachypus (298.8 mg/l) while was surprisingly zero in Undaria pinnatifidi (Tables 6-8 ).
Discussion
Excess salt is toxic for terrestrial plants but also for seaweeds living in the euhalien [15] oceanic environment. Seaweeds can employ a number of mechanisms V. van Ginneken Table 6 . Macro-elements [MaE]: (cations & anions) in seaweed moisture of four seaweed species [per species mean ± SD, n = 4), in a water sample (n = 1) of the ocean where they were collected and the seaweed/ocean ration for that macro-element. A ratio > 1 for a specific [MaE] is indicative for a higher concentration in the seaweed moisture in comparison to the oceanic water so it can be sequestered (active or passive). Specific details are described in the M & M section. to maintain suitable ion levels by minimizing the influx of Na + ions into cells via Na + -ATPase activity. In principle there are three major mechanisms a seaweed can apply in order to cope with the problem of salt stress in the euhaline oceanic environment [15] . First, Na + sequesters in vacuoles within the lumen of the seaweed thallus in such a safe way that this salt is spatially separated from vital plant physiological and biochemical mechanisms. A cell-to-cell channel e.g. in case of the Na + sequestering in special vacuoles within the lumen of the seaweed thallus with vacuoles for Na + storage spatially separated from vital seaweed organelles like the nucleus, chloroplast with its essential enzymes for photosynthesis and mitochondria for vital plant physiological and biochemical mechanisms. While some seaweeds appear to minimize the influx of ions into cells, ion sequestering within vacuoles is still essential in maintaining osmotic equilibrium, in support of Na + accumulation in vacuoles. In these plants, ATPases mediate the translocation of H + and K + /Na + , and were found to increase in number during salt stress [16] [26] . It is also possible that ATPases with a greater affinity for K + may be actively involved in ion influx, while a second type of ATPase transporter, with lower K +/ Na + selectivity, is pumping ions in the other direction [12] [16] . As a consequence that seaweeds have to live in a harsh euhaline [15] oceanic environment they must undergo osmotic adjustment involving, in part, the localization of toxic ions (typically Na + and Cl − ) into vacuoles and away from important metabolic processes located within the cytoplasm [12] [21]. This spatially separation is in case of the Na + ion based on diminishing the deleterious effects of sodium on inner membrane plant physiological parameters. The [Wet weight/Dry weight] ratio WW/DW is a morphological parameter to make a comparison between seaweeds species possible to estimate the vacuole capacity and thus the water storage capacity. By using this mechanical pressure method until 10 bar we have to consider, we obtained seaweed moisture from two types of vacuoles: first, vacuoles from the epidermal cells with proportionally smaller vacuoles and secondly from the highly vacuolated mesophyll cells [27] . Beyond inner seaweed species differences in total vacuole and water-storage (≈seaweed moisture) capacity, within a seaweed species also the ratio between the two types of vacuoles may determine its water storage capacity. In addition, a high WW/DW ratio is a reflection of larger vacuoles for storage and the presence of a higher water content in the cell wall which may facilitate the accumulation of heavy metals (microelements) into the apparent free space by dilution [28] . Direct indications that seaweeds can cope with salt stress by Na + accumulation within vacuoles within the lumen of the seaweed thallus came from field data; the study of [29] was in a brown seaweed based on the salt content of the cell wall components (Dry Weight) constituted up to 40% -47% of the dry weight of seaweed biomass. This latter observation is indicative that Na Third, production by several specific adapted seaweed species of economical important osmolyticum after sodium extrusion is a rather metabolically and energetically expensive method which also from a biochemical point of view much has evolved during course of evolution in some specific seaweed species. It is a much "cheaper" way simply to exchange the extruded sodium ions with an osmolyticum which is already available in the oceanic environment like Heavy Metals and nutrients like N & P. However, during course of evolution some seaweed species "has chosen" for this option, which is nowadays in gratitude explored by industry because these osmolyticum compounds have many purposes and of extremely economic importance. Osmolytica like alginates and carrageenan are mainly produced by brown seaweeds while agar is mainly produced by red seaweeds. From the carbohydrate fraction these alginates are important cell wall component in all brown seaweed spp. constituting up to 40% -47% of the dry weight of seaweed biomass. The alginates and their oxidation products the sugar-diacides are employed by seaweeds as a sequestering mechanism for heavy metals [HM] in the seaweed moisture. From the phycocoloid fraction carrageenans are a group of biomolecules composed of linear polysaccharide chains with sulphate half-esters attached to the sugar unit. These properties allow carrageenans to dissolve in water, form highly viscous solutions and remain stable over a wide pH range. Especially the brown seaweeds Chondrus crispus and Kappaphycus spp. can contain up to 71% and 88% of carrageenan, respectively. The other osmolyticum from the phycocoloid fraction -but in contrast to carrageenans extracted from red seaweed such as Gelidium spp. and Gracilaria spp. is agar. Agar is a mixture of polysaccharides, which can be composed of agarose and agropectin, with similar structural and functional properties as carrageenans. The agar content in Gracilaria spp. can reach values up to 31% [31] .
Salt extrusion to the oceanic environment in exchange with a certain compound like metallic cations (Heavy metals [HM] ) which serve as kind of osmolyticum to maintain cell integrity [18] [19] , see also Table 2 .
A third adaptation mechanism in some specific seaweeds (mainly red & brown) to salt extrusion is the production of its own osmolyticum. The several American Journal of Plant Sciences produced osmolytical compounds are in an extensive detailed manner mentioned by [14] . She grouped the several compounds as follows: First, products of the photosynthesis (polyols and amino acids) Secondly, several solutes derived from the quaternary type ammonium compounds and tertiary sulphonium compouds (see further discussion: salt tolerance of Ulva lactuca and ROS scavening DMSP) Third, osmolytica from the carbohydrate fraction of seaweeds consisting mainly out of: alginates, laminarine and fucoidine [14] . In addition, osmolytica from the phycocolloids fraction are mentioned with two economical important major groups: carrageenan and agar (reviewed: [31] ).
The permeability of biological membranes is highly selective. The flow of molecules and ions between a cell and its environment is regulated by specific transport systems which will be exemplified under A: Active and B: Passive.
These transport systems have several important roles: 1) They regulate cell volume and maintain the intracellular pH and ionic composition within a narrow range to provide a favorable environment for enzyme activity; 2) The molecular mechanism of many transport processes is a very actual research area. With respect to seaweeds and other marine plants it is a nearly unexplored research area [32] [33] .
A: Active Of all transport mechanisms over the cell membrane the ATP driven Na + /K + is the best described. For seaweeds in high saline environments it is believed that Na + can cross the plasma membrane using the same transport sys- [25] , while alternative transport systems have been described in other organisms, such as Na + -ATPase in seaweeds [16] . This pump has two purposes: B: Passive Many transport processes are not directly driven by the hydrolysis of ATP. Instead, they are coupled to the flow of an anion down its electrochemical gradient. An example is facilitated diffusion without any ATP costs. Overall, theoretically several mechanisms for transport of ions over cell membranes are possible. These are transporters (or carrier) proteins which can move a single type of molecule in one direction across the cell membrane (a uniporter), several different molecules in one direction (a symporter) or different molecules in opposite directions (an antiporter) [33] . Transporters can allow the movement of molecules down chemical concentration gradients (facilitated diffusion), when the energy required for conformational changes in the transporter protein is molecular damage. Also catalase and several types of peroxidases are involved in H 2 O 2 removal [43] . This mechanism of scavenging ROS and preventing and repairing the damaging effects on macromolecules is critical for salt tolerant plants [43] .
On one hand we have seaweed species (genetic) influences which we will elucidate in future studies by determination of species specific characteristics in the biochemical composition of the seaweed cell wall. The involved cell wall constituents for the three different seaweed Phyla (green, brown, red) are mentioned below.
1) For green seaweeds (three of our investigated species) the cell wall contains sulphuric acid polysaccharides, sulphated galactans and xylans, 2) For brown seaweeds like in this study Undaria pinnatifidia the cell wall consists of compounds like alginic acid, fucoidan (sulphated fucose), laminarin (β-1,3 glucan) and sargassan, 3) For red seaweeds the cell wall contains agars, carrageenans, xylans, floridean starch (amylopectin-like glucan), water-soluble sulphated galactan.
The cell walls of all these thousands of seaweeds are species-specific. So in our investigation of the topic of salt extrusion of the four selected seaweeds some of the different observation possibly can be explained by seaweed species characteristics. Just like we earlier published that for seaweed lipid compositions (the several Ω-3 and Ω-6 poly-unsaturated acids (PUFA's), as well as its Ω-6/Ω-3 ration), both quantitatively as qualitatively were to a major extent seaweed species (genus) dependent, to a minor extent also an environmental effect [44] . Also another example can exemplify the seaweed species dependents (genetic component) effect. For glucose content in 50 individual plants of Saccharina sp.; a combined sample of Fucus serratus & Fucus spiralis and Ascophyllum nodusum its concentration in an autumn sample was respectively 65%, 30% and 20% which is a clear indication for a species effect (reviewed: [31] ).
Perspectives: While terrestrial agriculture is presently at its limits [1] , seaweed culture has great promises for humanity [45] [46] . In modern agriculture, all seaweed compensation mechanisms employed to cope with oceanic euhaline (32‰) salinity stress can have practical purposes in large seaweed plantations and can be explored to create urgently in order to create large amounts of irrigation water in order to obtain new agricultural area in our tropical deserts like the Sahara. Some of these seaweed adaptation mechanisms are: 1) Produce by mechanical pressure large amounts of brackish seawater ≈ 10‰ available in the seaweed milieu interior which can further be desalinated until fresh (0‰) irrigation water by fermentation of the remaining 20% green biomass "press-cake"; 2) This seaweed moisture contains high concentration of nutrients (N & P) sequestered from the eutrophic oceans; 3) Sequestering of H + ions from the oceanic environment to combat ocean acidification [46] ; 4) Produce large amounts of new green biomass on planet Earth by exploring our oceans by seaweed plantations to act as sink for CO 2 to combat "Global Earth warming" [47] , in combination with "ocean acidification" [25] [46]. These practical applications will be de-
